[1] The Askja volcanic system, North Iceland, experienced a volcano-tectonic episode between 1874 and 1876, the climax of which was a rhyolitic, phreatoplinian to Plinian eruption at Askja central volcano on 28-29 March 1875. Fissure eruptions also occurred in 1875, producing the N yjahraun lava, 45-65 km north of Askja. The N yjahraun basalt is indistinguishable, in terms of whole-rock major elements, from the small-volume basaltic eruptions that took place at Askja in the early 20th century. It has been suggested that all of these basalts originated from a shallow magma chamber beneath Askja, with the N yjahraun eruptions being fed by northward-propagating lateral dykes. It has also been conjectured that the Holuhraun lava, located at the southern tip of the Askja volcanic system 15-25 km south of Askja, was connected with the 1874-1876 Askja volcano-tectonic episode. We re-examine these interpretations in light of new whole-rock, glass and melt inclusion analyses from samples collected along the length of the Askja volcanic system. Glasses from N yjahraun and the Askja 20th century eruptions are geochemically distinct. We suggest that the Askja 20th century basalts mixed with evolved melts in the crust, while the N yjahraun magma evolved without such interactions. The Holuhraun basalt is more similar to lavas erupted on the B arðarbunga-Veiðivötn volcanic system than to postglacial basalts from Askja, indicating that particular geochemical signatures are not necessarily confined to the tectonic or structural surface expression of single volcanic systems. This has important implications for the identification and delineation of individual volcanic systems beneath the northwest sector of Vatnajökull.
Introduction
[2] The volcanic system may be viewed as the principal geological structure in Iceland, and defines a characteristic volcano-tectonic architecture featuring a fissure or dyke swarm and/or a central volcano [B arðarson, 1929; Einarsson and Saemundsson, 1987; Thordarson and Larsen, 2007, and references therein] . Fissure swarms are typically elongate structures aligned parallel or subparallel to the spreading axis of the hosting volcanic system, while the central volcano (where present) is the focal point of eruptive activity. Debate on Icelandic volcano-tectonic episodes that simultaneously activate the central volcano and the surrounding fissure swarm centres on two contrasting ideas (Figure 1 ). According to the lateral flow hypothesis, replenishment and pressurization of a shallow magma chamber beneath a central volcano causes the lateral injection of shallow crustal dykes into the fissure swarm [e.g., Sigurðs-son and Sparks, 1978a] . The injection of lateral dykes is thus viewed as the driving mechanism of rifting on the volcanic system. By contrast, the magma reservoir hypothesis suggests that volcano-tectonic episodes are driven by magma pressurization in large, elongate reservoirs at the base of the crust (>20 km depth) and subsequent injection of subvertical dykes into the crust [e.g., Gudmundsson, 1995] .
[3] The Askja volcanic system, North Iceland (Figure 2a) , provides a natural laboratory for investigating the mechanisms of melt generation and transport in Icelandic volcanic systems. Askja central volcano and fissure swarm were simultaneously active during a volcano-tectonic episode that began with seismicity in late 1874 and lasted until early 1876 [e.g., Gunnarsson, 1875; Guðmundsson, 1932; J onsson, 1945; Sigurðsson and Sparks, 1978a; Brandsd ottir, 1992] . On the Askja fissure swarm, a basaltic fissure eruption occurred at the Sveinagj a graben, 45-60 km north of Askja, producing the N yjahraun lava in at least six eruptive episodes between February and October 1875 (Figure 2b) . At Askja central volcano, precursory phreatic, phreatomagmatic and magmatic activity culminated in an explosive, Plinian eruption on 28-29 March 1875, during which rhyolitic tephra was deposited around the Askja region and transported as far as Sweden and Norway by prevailing westerly winds [e.g., Carey et al., 2010] . Askja was again active in the early 20th century, with at least The magma reservoir hypothesis considers that fissure eruptions on Icelandic volcanic systems are fed by subvertical dykes sourced from elongate magma reservoirs at the base of the crust. The numbers indicate the growth sequence of a vertical dyke from the magma reservoir. Upwelling magma does not necessarily interact with shallow crustal magma reservoirs prior to eruption. Modified after Gudmundsson [1987b] . six small-volume basaltic eruptions occurring along caldera ring fractures surrounding the € Oskjuvatn caldera that formed following the 28-29 March 1875 eruption, and one fissure eruption on Askja's southern flank (Figure 2c ).
[4] Previous workers have explained the similarity between the whole-rock major element compositions of the N yjahraun lava and the Askja 20th century basalts in terms of the lateral flow hypothesis, suggesting that the eruptions at Sveinagj a were fed by the lateral flow of magma from Askja central volcano northward along the fissure swarm Sparks, 1978a, 1978b; Macdonald et al., 1987] . The inferred lateral dyke was also used to explain the volume of caldera collapse at € Oskjuvatn following the 28-29 March 1875 eruption, which far exceeds the volume of erupted products from this event. However, investigation of historical records detailing the growth history of € Oskjuvatn caldera demonstrates that lateral flow is not required to explain its formation , carrying the implication that the N yjahraun eruptions were not necessarily directly linked to Askja by lateral magma supply. In this study, we re-examine the evidence for lateral flow during the 1874-1876 volcano-tectonic episode in light of new compositional data from whole-rock samples, matrix glasses, phenocrysts and melt inclusions from sample locations spanning the length of the Askja volcanic system.
Magmatic Plumbing in Icelandic Fissure Systems

Lateral Flow Hypothesis
[5] The lateral flow hypothesis was primarily developed to explain observations of laterally propagating seismicity in rift zones on volcanic edifices such as Hawaii [e.g., Ryan, 1988; Parfitt and Wilson, 1994] and at various mid-ocean ridges [e.g., Dziak et al., 1995; Fialko and Rubin, 1998; Dziak et al., 2004] . Most recently, seismic and magmatic activity in the Afar region of Ethiopia has been interpreted in terms of lateral magma injection [e.g., Wright et al., 2006; Ebinger et al., 2008; Keir et al., 2009; Ayele et al., 2009] .
[6] Lateral flow was first applied to Icelandic volcanic systems by Björnsson et al. [1977] and Einarsson and Brandsd ottir [1979] , in response to the Krafla Fires rifting episode of 1975-1984. Earthquake swarms beginning at Krafla and propagating northward for tens of km were interpreted as lateral magma intrusions from the Krafla magma reservoir into the fissure swarm [Einarsson and Brandsd ottir, 1979; Buck et al., 2006] . Sigurðsson and Sparks [1978a] later noted that fissure eruptions on volcanic systems close to the inferred centre of the Iceland plume (i.e., Katla, Gr ımsvötn and Askja) often produced large volumes of relatively evolved basalts with compositions compatible with low-pressure fractional crystallization, and argued that these magmas must have been stored in shallow crustal reservoirs beneath central volcanoes. Fissure eruptions thus result from the extension of crustal fractures into shallow magma chambers, allowing fractionated magmas to flow laterally into the fissure swarm (Figure 1a ) Sparks, 1978a, 1978b] .
[7] This model implies that magma upwelling is focused at the central volcano. During rifting episodes when compressive stresses are at a minimum, the overpressures generated by replenishment of shallow magma chambers may be sufficient to create fluid-driven cracks that propagate laterally along the fissure swarm. If the overpressure actively forces the outward injection of magma, then lateral magma flow may be viewed as a driving mechanism of the rifting observed out on the fissure swarm.
Magma Reservoir Hypothesis
[8] The magma reservoir hypothesis considers that, during rifting episodes, failure begins at a point of high tensile stress and propagates laterally along the strike of the volcanic system, enabling the buoyant rise of magma into new crustal fractures [Gudmundsson, 1995] . Fissure eruptions thus result from vertical to subvertical dykes rupturing the surface, and may occur close to, or many kilometres from, the central volcano [Gudmundsson, 1995] . These dykes ultimately tap large, elongate magma reservoirs underlying volcanic systems, with the top of the melt source region lying at the base of the crust [Gudmundsson, 1987a] . If tensile failure occurs beneath a central volcano, then upwelling magma is likely to intersect a shallow crustal magma chamber, which may trigger an eruption at the central volcano. While the dyke fracture propagates along strike, as evidenced by the laterally propagating seismicity, the magma flow itself is primarily vertical [Gudmundsson, 1995] . Lateral flow of magma from shallow crustal reservoirs into the fissure swarm is limited (Figure 1b ).
Samples and Analytical Methods
[9] To ensure a thorough geochemical investigation of the products of the 1874-1876 volcano-tectonic episode, we conducted a detailed sampling campaign covering the length of the Askja volcanic system (Figure 2 ). On the Askja fissure swarm, we obtained samples from N yjahraun and from two further fissure eruptions, Fj arh olahraun and Holuhraun, that are known to be young in age and have previously been interpreted as being associated with the 1874-1876 episode [e.g., Carey et al., 2010] . At Askja central volcano, samples were obtained from each of the small-volume basaltic eruptions of the early 20th century ( Figure  2 ). We also consider samples from two phreatomagmatic tuff cone sequences, located on the north-eastern and south-western shores of € Oskjuvatn, that represent some of the most primitive basalts found at Askja central volcano [Hartley, 2012] . Finally, we obtained basaltic fragments from the 1875 rhyolitic tephra, and sampled a thin basaltic tephra layer found immediately beneath the 1875 rhyolitic tephra that represents precursory activity from January 1875.
[10] Wherever possible, whole-rock compositional data were obtained for both lava and tephra samples. Whole-rock major and trace element data were obtained by X-ray fluorescence spectrometry. Analyses were performed using a Philips PW2404 automatic XRF spectrometer at the University of Edinburgh following the method of Fitton et al. [1998] with the modifications noted by Fitton and Godard [2004] . Whole-rock rare earth element (REE) concentrations were determined on a subset of samples by inductively coupled plasma mass spectrometry at the Scottish Universities Environmental Research Centre, East Kilbride. The samples were prepared using a HF/HNO 3 -HNO 3 -HCl tri-acid digestion procedure similar to that of Olive et al. [2001] , and were analyzed using a VG Elemental PQ2 Plus quadrupole-based ICP-MS. The compositions of glassy tephra samples were determined by Cameca SX100 electron microprobe (WDS) at the University of Edinburgh using the method of Hayward [2012] , and the same instrument was used to measure the compositions of olivine, clinopyroxene and plagioclase phenocrysts and microphenocrysts. We also analyzed naturally quenched olivine-and plagioclase-hosted melt inclusions from Holuhraun, N yjahraun and the two Askja tuff cones. The melt inclusions ranged from 20 to 120 lm in size on their longest axis and consisted of homogenous glassy material. Some melt inclusions contained vapour bubbles. Major element compositions of the melt inclusions and their host crystals were measured by electron microprobe. Rare earth and selected trace element abundances in the melt inclusions and for selected matrix glasses were determined using the Cameca ims-4f ion microprobe at the University of Edin-burgh. Full compositional data and details of all analytical methods are provided in supplementary information.
Eruption Ages
[11] All the eruptions considered in this study have previously been suggested to be associated with the 1874-1876 volcano-tectonic episode [Carey et al., 2010, and references therein] , and this is the first study to test these suggestions in light of geochemical data. However, it is also important to determine the ages of these eruptions as accurately as possible. Many of the eruptions considered here can be dated very accurately using written historical accounts of volcanic activity in North Iceland: for example, most of the eruptions at Askja in the early 20th century can be dated to within a few months. A careful examination of historical records, and in some cases tephrochronological dating, reveals that some of these eruptions may be significantly older than 1875.
[12] The tuff cones on the NE and SW shores of € Oskjuvatn are unconformably overlain by rhyolitic tephra from the 1875 eruption along much of their exposure. This has to previous suggestions that they may have been formed during precursory activity to the 28-29 March 1875 eruption [e.g., Carey et al., 2010] . However, at a single location the NE tuff sequence is overlain by two thin lava flows and a sediment pile containing several tephra layers, the oldest of which has been geochemically identified as the Hekla 3 tephra [Hartley, 2012] , dated at 2.9 ka BP [Larsen and Thorarinsson, 1977] . Furthermore, the $3.6 ka Sn2 and $4.2 ka Hekla 4 tephra layers are absent from this profile. This places important age constraints on the underlying tuff deposits: they must have formed between 3.6 and $3.0 ka BP. Such age constraints cannot be placed on the SW tuff sequence, other than that it is older than AD 1875 and that its appearance and preservation state are similar to the NE tuff cone.
[13] The age of the Holuhraun lava has been variously given as AD 1787 [Sigurðsson and Sparks, 1978b] ; 1797 [Siebert et al., 2010] ; 1875 [Sigvaldason, 1979] , and as being connected with the 1874-1876 Askja volcano-tectonic episode [Carey et al., 2010] . Field observations and examination of aerial photographs and satellite images suggest that Holuhraun was formed in two separate eruptions. The older ''Holuhraun-1'' lava was erupted from a 2 km-long fissure located $15 km south of Askja, while the younger ''Holuhraun-2'' lava erupted from a fissure that begins 23 km south of Askja and extends southward beneath Dyngjujökull glacier. Historical accounts can be used to tentatively date these lavas. It is known that new lava was erupted north of Dyngjujökull between 1794 and 1835, where previously only a sandy sediment cover had existed [J onsson, 1945] . The eruption that produced this lava, Holuhraun-1, most probably occurred over the winter of 1797. Holuhraun-2 is possibly associated with fiery eruptions seen in the Dyngjujökull region between 1862 and 1864. If this is the case, then the Holuhraun-2 fissure was active at the same time as the Tröllag ıgar fissure on the Veiðivötn volcanic system. The Tröllag ıgar fissure was active between 1862 and 1864, and it produced the Tröllahraun lava. Tröllahraun is petrologically similar to Holuhraun, containing plagioclase macrocrysts and dispersed microphenocrysts of olivine, plagioclase and clinopyroxene set in a microcrystalline groundmass [Th orarinsson and Sigvaldason, 1972] . Because both Holuhraun-2 and Tröllahraun erupted from fissures very close to or extending beneath Vatnajökull, there is a possibility that a subglacial link exists between Holuhraun-2 and Tröllahraun: they may have erupted during a single volcano-tectonic event and may share a common magma source. Therefore we also examine the composition of Holuhraun in light of that obtained for Tröllahraun. This may allow further constraints to be placed on the age of Holuhraun-2, and determine whether Holuhraun-2 is connected to the 1874-1876 Askja volcano-tectonic episode. It should be noted that lavas and tephras from Holuhraun-1 and Holuhraun-2 are geochemically indistinguishable from one another, and so for much of the following discussion, Holuhraun is treated as a single entity.
[14] Fj arh olahraun erupted from a $4 km-long fissure located $25 km north of Askja. Rhyolitic tephra from the 28-29 March 1875 eruption lies immediately above fresh scoria from the Fj arh olar eruption. Historical accounts record that two eruption columns were visible from eastern Iceland in late December 1874 and early January 1875, one of which originated from an eruption site within Askja. Accounts written by observers in eastern Iceland state that the distance between the two columns was slightly greater than the distance between Askja and Herðubreið [Gunnarsson, 1875] , i.e., $20 km. Based on these descriptions, it was previously argued that one eruption column originated at Askja and that the second column was located south of Askja in the region of the Holuhraun cone rows, thereby linking Holuhraun-2 with the 1874-1876 volcano-tectonic episode [e.g., Sigvaldason, 1979] . However, written accounts from northern Iceland can only be reconciled with the eastern Iceland accounts if the second eruption column was located NNE of Askja, in the region between Askja and Herðubreið [Brandsd ottir, 1992] . It has therefore been postulated that the Fj arh olahraun lava is associated with the second eruption column north of Askja [e.g., Carey et al., 2010] , and thus dates from early 1875.
[15] A thin layer of basaltic tephra occurs immediately below the 1875 tephra in various localities across the € Oskjuop, preserved either as a thin band of fine ash or in discrete lenses. This tephra has a bimodal composition, and contains grains with Askja-like and Gr ımsvötn-like compositions [Hartley, 2012] . Through analysis of historical records it can be inferred with a degree of confidence that the Gr ımsvötn grains are from the relatively large eruption at Gr ımsvötn in January 1873, which dispersed tephra over the Askja region. The Askja grains must therefore be of a similar age, and are here taken to have originated from precursory activity on 1-3 January 1875.
Petrological Descriptions
[16] The main petrological and textural features of Holuhraun, N yjahraun, Fj arh olahraun and the Askja 20th century basalts are summarized in Table 1 and Figure 3 . While Fj arh olahraun and the Askja 20th century basalts are characterized by low-modal phenocryst abundances ( 2 vol.%) and an almost-opaque, micro-to cryptocrystalline groundmass, Holuhraun and N yjahraun are characterized by their high modal phenocryst abundances (<15 vol.%).
[17] Holuhraun lava samples are characterized by the abundance of plagioclase phenocrysts and the occurrence of large glomerocrysts ($4 to 8 mm in diameter). Some glomerocrysts are comprised almost entirely of plagioclase (Figure 3a) , while others contain aggregates of plagioclase, acicular black clinopyroxene and minor olivine ( Figure  3b ). The glomerocrysts are most abundant in the northern section of the Holuhraun cone row, and are particularly apparent in scoria and spatter bombs found close to the cone row. By contrast, in typical lava samples from N yjahraun, phenocrysts, and microphenocrysts of plagioclase, clinopyroxene, and olivine occur in isolation (Figure 3c ). Glomerocrysts are present in N yjahraun lavas (e.g., Figure 3d ), but the crystals in these aggregates tend to be smaller than individual phenocrysts.
[18] The Holuhraun phenocryst and glomerocryst assemblage is similar to that commonly found in lavas of the B arðarbunga-Veiðivötn volcanic system [Jakobsson, 1979; Hansen and Grönvold, 2000; Halldorsson et al., 2008] . The plagioclase macrocrysts (>0.7 mm) in these lavas are suggested to have originated in mid-to deep-crustal gabbroic mush bodies formed during intrusive events, and were subsequently entrained in ascending magmas during crustal rifting episodes [Hansen and Grönvold, 2000; Halldorsson et al., 2008] .
Geochemical Variability in Askja Samples
Whole-Rock
[19] The lava and tephra formations of this study fall into two broad compositional groups ( Figure 4 ). The more primitive samples contain 49.8-50.5 wt.% SiO 2 , 7.0-7.3 wt.% MgO, and 1.64-1.72 wt.% TiO 2 ; this group includes the Askja NE tuff cone, Holuhraun and Tröllah-raun. Samples from the SW tuff cone are slightly more evolved, but may still be considered to fall within the ''primitive'' cluster. Samples from N yjahraun, Fj arh olahraun and the Askja 20th century basalts are more evolved, and contain 50.0-51.6 wt.% SiO 2 , 4.6-5.4 wt.% MgO, and 2.60-2.85 wt.% TiO 2 . Tephra from the January 1875 precursor eruptions is compositionally different from N yjahraun and the Askja 20th century basalts, and falls outside the ''evolved'' compositional group.
[20] Eruptions within the ''primitive'' compositional group may be distinguished from one another using major element ratios. In particular, whole-rock samples from Holuhraun and Tröllah-raun have higher TiO 2 /K 2 O than the two Askja tuff cones (Figure 4b ). TiO 2 /K 2 O is expected to remain approximately constant while olivine and plagioclase are liquidus phases, and to decrease slowly as clinopyroxene joins the crystallizing assemblage. However, once titanomagnetite or ilmenite become liquidus phases, TiO 2 /K 2 O will decrease rapidly as Ti is partitioned into oxide minerals. TiO 2 /K 2 O is therefore indicative of variations in the modal proportions of oxide minerals in different magmas. High TiO 2 /K 2 O in Holuhraun and Tröllahraun indicates that oxide crystallization [21] Trace element ratios also distinguish between different eruptions in the ''primitive'' and ''evolved'' compositional groups. Ratios of compatible trace elements such as Cr and Ni are particularly useful in distinguishing different eruptions within the primitive cluster ( Figure 4c ). Holuhraun has the highest Ni abundance (61.964.4 ppm) and lowest Cr/Ni ratio (1.0860.08) of the primitive cluster, while the two tuff cones have lower Ni abundances (55.162.5 ppm for the NE tuff cone) and higher Cr/Ni ratios (2.2560.11 for the SW tuff cone).
[22] Within the ''evolved'' compositional cluster, N yjahraun whole-rocks are slightly enriched in Cr and Ni in comparison to the Askja 20th century basalts: N yjahraun samples contain 33.263.2 ppm (1) Ni, while the Askja 20th century basalts contain 25.463.3 ppm Ni. This may be explained by the abundance of Ni-bearing olivine and Cr-bearing clinopyroxene in the N yjahraun samples. By contrast, the Askja 20th century basalts are essentially aphyric, and so have lower abundances of those elements that are compatible in phenocryst phases during crystallization. N yjahraun also has lower ratios of incompatible to compatible elements, such as Zr/Ni, than the Askja 20th century basalts and Fj arh olahraun ( Figure 4d ). However, these ratios are not able to distinguish Fj arh olahraun samples from the Askja 20th century basalts. [23] The Askja 20th century basalts have a much wider range in incompatible trace element ratios, such as Ba/Sr, than N yjahraun (Figure 4d ). It is interesting to note that the Askja 20th lavas with the highest Ba/Sr values are situated near active geothermal sites on or around the shores of € Oskjuvatn lake. Elements such as Sr, Rb, and K are fluid-mobile during low-grade zeolite-facies metamorphism [e.g., Wood et al., 1976] ; therefore, it is possible that the Askja 20th century lavas with higher Sr, Rb, K 2 O, and Ba/Sr have been slightly modified by hydrothermal alteration, despite the fresh appearance of the samples collected.
Glass
[24] Analyses of glassy tephras reveal compositional differences between eruptions that are not apparent in the whole-rock data. N yjahraun glasses are the most evolved of all the samples considered, and are easily distinguished from the ''pre-1875'' tephra and the Askja 20th century eruptions in oxide-oxide plots ( Figure 5 ). In some cases, glass from a single eruption shows a much greater compositional variability than whole-rock analyses from that eruption. This is most evident in glasses from the SW tuff cone and the ''pre-1875'' basaltic tephra ( Figure 5 ). The variability in glass compositions means that the ''primitive'' and ''evolved'' compositional clusters observed in the whole-rock data are not retained in the glass data. The pre-1875 tephras in particular have compositions that are intermediate between the more primitive and the more evolved eruptions.
[25] Major element ratios enable some eruptions to be distinguished from one another. Both P and K behave as incompatible elements in a Figure 4 . Whole-rock compositional variations in samples from the Askja volcanic system, determined by XRF analysis. There are two discrete clusters of ''primitive'' and ''evolved'' samples. Individual eruptions within the evolved cluster cannot be distinguished from one another on the basis of their major or trace element concentrations and ratios. In the primitive cluster, the Askja tuff cones can be distinguished from Holuhraun and Tröllahraun using certain major and trace element ratios. (Figure 6d ).
[28] In all the major element ratios shown in Figure 6 , the pre-1875 tephra bridges the compositional gap between the older, ''primitive'' glasses of the Askja tuff cones and the younger, ''evolved'' glasses from N yjahraun and the Askja 20th century eruptions. In this light, it is interesting to note that while the 1875 precursors and N yjahraun and are time-equivalent magmas (pre-1875 eruptions occurred in January 1875; N yjahraun eruptions began in February 1875), yet have very different compositions.
Mineral Chemistry
[29] The relationship between phenocrysts and their carrier melts can be investigated by comparing the observed cation partitioning between a crystal phase and its host melt with the behaviour expected under chemical equilibrium. Experimental data indicate that, for basaltic melts, equilibrium olivine-liquid pairs have expected Kd olÀliq FeÀMg values between 0.27 and 0.35 [Roeder and Emslie, 1970; Ford et al., 1983; Grove et al., 1992; Putirka, 2005] . Expected equilibrium clinopyroxene-liquid Kd cpxÀliq FeÀMg values are 0.2760.03 [Putirka, 1999] , and equilibrium plagioclase-liquid pairs are expected to have Kd plgÀliq NaÀCa between 1.0 and 1.3 [Grove et al., 1992] . Plots of mineral-melt pairs are provided in supplementary information, Figure S1 .
[30] All the samples considered in this study contained tabular plagioclase phenocrysts with highly with the magma during eruption. Clinopyroxene is found as an isolated phenocryst phase in Holuhraun lava samples, but is rare. Black, augitic clinopyroxenes present within glomerocrysts span a narrow compositional range from En 46 Fs 13 Wo 41 to En 56 Fs 14 Wo 31 (Figure 7c) , and have no significant compositional zoning.
[32] Plagioclases from both NE and SW tuff sequences have highly anorthitic crystal cores ranging in composition from An 85 to An 89 ( Figure  7a ). Almost all of the plagioclases analyzed exhibit oscillatory zoning, with crystal rims slightly more sodic than the crystal cores. Plagioclase rim compositions ranged from An 88 to An 75 . None of the phenocrysts analyzed had rims with compositions in equilibrium with the tuff cone glass compositions.
[33] The majority of plagioclases from N yjahraun have compositions between An 62 and An 52 (Figure 7a (Figure 7c ).
[34] The Askja 20th century basalts and Fj arh olahraun are essentially aphyric; thus, our dataset is dominated by microphenocryst and groundmass crystal compositions. Plagioclase microphenocrysts from Fj arh olahraun have compositions between An 57 and An 65 , and those from the Askja 20th century basalts range between An 51 and An 62 (Figure 7a ). The Askja 20th century basalts may contain rare plagioclase phenocrysts with highly anorthitic crystal cores (An 82 -An 89 ). Whilst these are compositionally similar to the high-anorthite plagioclases found in N yjahraun and the two Askja 
Fractional Crystallization Modelling
[35] The two Askja tuff cones are among the most primitive basalts yet analyzed from the Askja caldera [Hartley, 2012] . If the composition of glass from the NE tuff cone is taken to be broadly representative of primitive melts being supplied to Askja central volcano, then it is possible to investigate whether evolved basalts erupted at Askja can be generated by fractional crystallization of this primitive composition. To test this hypothesis, mass balance calculations were performed using the Comagmat crystallization model [Ariskin et al., 1993] , taking the average glass composition of the NE tuff cone as a parental liquid composition. Calculations were performed assuming anhydrous conditions with oxygen fugacity set at 1 log unit below the quartz-fayalite-magnetite buffer, consistent with a Fe 2þ =Fe T ratio of 0.9 [ Oskarsson et al., 1994] and with previous studies modelling the crystallization of basalts from North Iceland [e.g., Maclennan et al., 2002] . We tested crystallization pressures between 0.8 and 1.2 kbar, appropriate for crystallization in a shallow ($3 km depth) magma reservoir. The chosen pressure did not significantly affect the calculated liquid line of descent (LLD) or the modal mineralogy of the crystallizing assemblage.
[36] Approximately 40% crystallization of the starting melt composition was required to produce a liquid that matched the MgO content of the Askja 20th century glass compositions ( Figure 5 ). After 40% crystallization the crystallizing assemblage contained plagioclase, clinopyroxene and olivine in the proportions 57:41:2. The calculated compositions of phenocrysts in equilibrium with the model residual liquid were Fo 68 olivine, An 59 plagioclase and En 43 Fs 19 Wo 27 clinopyroxene. These compositions closely match the microphenocryst compositions analyzed in the Askja 20th century basalt samples. The Comagmat model did not reproduce the crystallization of oxide minerals, which are liquidus phases in the Askja 20th century basalts according to petrographic observations. Consequently, the calculated liquid composition predicts higher FeO than is observed in the samples (Figure 5a ).
[37] The fractional crystallization models did not reproduce the SiO 2 enrichment observed in N yjahraun glasses compared to the pre-1875 and Askja 20th century glasses for a given TiO 2 or MgO content (Figure 5c ). Silica enrichment only occurs in highly evolved Iceland basalts when titanomagnetite or ilmenite become liquidus phases [Sigurðsson and Sparks, 1981] . We therefore suggest that oxide minerals arrived on the liquidus of the N yjahraun basaltic liquid earlier than for the Askja 20th century basalts, thus producing the observed SiO 2 enrichment enrichment for N yjahraun. This implies that these two magmatic liquids did not derive from a common parental magma.
[38] The ''pre-1875'' basaltic tephra provides the best estimate of the composition of basaltic magma upwelling beneath Askja during the 1874-1876 volcano-tectonic episode. These tephras mostly fall on the calculated fractional crystallization trends ( Figure 5) ; however, their compositional variability is wider than would be expected for fractional crystallization alone. The trend of K 2 O enrichment evident in Figure 5b is best explained by the mixing of the pre-1875 basaltic magma with a small amount of an evolved contaminant enriched in K 2 O, such as the rhyolitic magma resident beneath Askja at this time. The compositional variability in the pre-1875 tephra indicates that this mixing was imperfect and had not produced a homogeneous magma before the precursory eruptions in early January 1875.
[39] The Fj arh olahraun glasses are compositionally more similar to the Askja 20th century basalts than to N yjahraun: they do not show the SiO 2 enrichment of N yjahraun, and their compositions are reproduced by the calculated LLDs using the NE tuff cone glasses as a parental melt ( Figure 5 ). These similarities leave open the possibility that Fj arh olahraun and the Askja 20th century basalts may have originated from a common parental magma.
Clinopyroxene-Liquid Thermobarometry
[40] The Putirka [2008] clinopyroxene-liquid thermobarometer was used to investigate clinopyroxene crystallization pressures and temperatures for the magmas erupted at Holuhraun, N yjahraun, Fj arh olahraun, and two of the Askja 20th century eruptions: Kv ıslahraun (1922) (1923) and Thorvaldshraun (1924 Thorvaldshraun ( -1929 C, and crystallization pressures ranged from 2.3 to 7.6 kbar (see supplementary information, Figure S2 ). These pressures indicate that crystallization occurred primarily in the mid-to lower crust. The N yjahraun clinopyroxenes crystallized at temperatures between 1116 and 1155 C, and pressures between 0.6 and 4.2 kbar (mean 2.85 kbar; see Figure S2 ). These pressures are somewhat lower than, but within the range of, previous estimates of N yjahraun clinopyroxene crystallization depths of 12-18 km .
[42] Crystallization pressure estimates for clinopyroxene microphenocrysts from Fj arh olahraun were between 0.2 and 4.6 kbar (mean 2.84 kbar). Pressure estimates for the Kv ıslahraun and Thorvaldshraun clinopyroxenes were between 0.3 and 5.2 kbar (mean 2.73 kbar). A population of clinopyroxene microphenocrysts from the Askja 20th century eruptions have very similar crystallization pressures to Fj arh olahraun and N yjahraun. However, 25% of the Askja 20th century basalts also record much shallower crystallization pressures of <1.5 kbar (i.e., within the upper 5 km of the crust), compared to 14% and 16% of the Fj arh olahraun and N yjahraun clinopyroxenes respectively. The distribution of clinopyroxene crystallization pressures suggests that it is possible to differentiate between N yjahraun and the the Askja 20th century eruptions on the basis of clinopyroxene-liquid thermobarometry.
Melt Inclusions
[43] Major and trace element compositions of olivine-, plagioclase-and clinopyroxene-hosted melt inclusions from Holuhraun, N yjahraun and the two Askja tuff cones were used to investigate the compositions of the source magmas of these eruptions. Hand-picked, inclusion-bearing phenocrysts from tephra samples were selected, and only naturally quenched, glassy melt inclusions were analyzed. Major element data for a subset of the melt inclusions included in this study are given in Hartley et al. [2012] .
[44] The melt inclusions range from very primitive (>10 wt.% MgO) to very evolved ($4.0 wt.% MgO). All the melt inclusions from N yjahraun were very evolved and had similar compositions to N yjahraun glasses. Melt inclusions from Holuhraun and the two tuff cones show much greater [45] We used Petrolog3 [Danyushevsky and Plechov, 2011 ] to determine the degree of postentrapment crystallization (PEC) experienced by the olivine-hosted melt inclusions, and to restore the melt inclusions to their initial trapped compositions asuming a Kd olÀliq FeÀMg of 0.3. Holuhraun melt inclusions experienced between 0.9 and 5.7% PEC (average 2.2%); N yjahraun inclusions experienced between 1.9 and 4.7% PEC (average 3.3%). Postentrapment effects in plagioclase-hosted melt inclusions were estimated by adding plagioclase of the same composition as the host crystal into the measured melt inclusion composition. Most plagioclase-hosted melt inclusions show minimal postentrapment effects (<5% PEC); however, two melt inclusions from the SW tuff cone have undergone up to 20% PEC (Figure 8) . Two plagioclasehosted inclusions also appear to be affected by up to 40% plagioclase addition, i.e., the remelting of plagioclase into the melt inclusion as the crystal is entrained in a hotter carrier liquid (Figure 8 ). Fortunately, it is possible to use incompatible trace elements in melt inclusions without correction in order to investigate source melt compositions, since incompatible trace element concentrations in the melt inclusion will increase relative to the initial trapped composition as PEC progresses, but the ratios between them will be unaffected [e.g., Starkey et al., 2012] .
[46] Maclennan [2008] has shown that diverse melt compositions generated in the Icelandic lower crust undergo concurrent mixing and crystallization in the crust during magma ascent, progressively homogenizing the melt compositions. Melt inclusions trapped in the most forsteritic olivines and the most anorthitic plagioclases are therefore expected to show the greatest compositional diversity, while inclusions in more evolved host crystals are more homogeneous in composition. The mean melt inclusion composition is also expected to be similar or identical to the composition of the carrier melt at the time of eruption. The most primitive olivine crystals analyzed in this study are too evolved to represent the very first stages of crystallization from a mantle melt; therefore these melt inclusions are unlikely to represent the true compositional diversity of melts supplied to the lower crust beneath Askja.
[47] For all the eruptions except the SW tuff cone, REE profiles for melt inclusions and glasses have similar slopes and La/Yb ratios (Figure 9 ), and the average melt inclusion La/Yb is very similar to the average of the carrier melt (Figure 10 ). This indicates that the melt inclusions from Holuhraun, N yjahraun, and the NE tuff cone are consistent with a genetic relationship with their carrier melts. Melt inclusions hosted in the most primitive plagioclase crystals from Holuhraun and the NE tuff cone may preserve information about the composition of mantle melts supplied to these systems, but the small dataset prevents a detailed investigation of the compositional diversity of these melts. No primitive phenocrysts or melt inclusions from N yjahraun were found in this study: the melt inclusions analyzed have identical major and trace element compositions to the N yjahraun glass (Figure 8) . This is consistent with these melt inclusions being trapped during late-stage crystallization in the mid-to upper crust; thus, they do not preserve information about the compositions of mantle melts supplied to N yjahraun. Melt inclusions Figure 9 . Rare earth element (REE) data for melt inclusions and their host eruptions. Concentrations are normalized to the depleted MORB mantle composition of Workman and Hart [2005] . Melt inclusion and glass data were obtained by SIMS, and preserve a negative Eu anomaly indicative of plagioclase crystallization. Whole-rock data were obtained by ICP-MS, and the expected Eu anomaly is removed by the data reduction procedure.
from the SW tuff cone show a much wider range in La/Yb than the other eruptions, and the wholerock La/Yb is lower than the melt inclusion average La/Yb (Figure 10c ). This indicates that the melt inclusions from the SW tuff cone may not share a genetic relationship with their carrier melt, but may instead be hosted in xenocrysts entrained in the carrier melt from an unrelated melt batch or mush horizon.
[48] Most Holuhraun melt inclusions have La/Yb ratios that are very similar to the Holuhraun glass. However, a small cluster of plagioclasehosted inclusions with $7.7 wt.% MgO have higher La/Yb than the average glass composition (Figure 10 ). These melt inclusions are all hosted in An 83 plagioclase crystals from the Holuhraun-1 lava. It is possible that these high-La/Yb melt inclusions preserve some of the compositional diversity of melts being supplied to Holuhraun, and crystallized from a more enriched melt composition before it was mixed into the Holuhraun magma. Alternatively, these melt inclusions may be hosted in xenocrystic plagioclases. Without additional compositional data, it is difficult to evaluate which of these hypotheses is correct.
Nb-Zr-Y Systematics in WholeRock and Melt Inclusions
[49] A number of recent studies have utilized Nb-Zr-Y systematics to investigate the composition of the mantle source supplying melt beneath Iceland [e.g., Fitton et al., 1997 ; Kempton et al., 2000 ; Fitton et al., 2003] . Nb/Zr is insensitive to fractional crystallization, crustal contamination and subsequent alteration ; thus, the Nb/Zr of moderately evolved basalts (MgO>5 wt.%) reflects an average of melts derived from the mantle, and at high MgO (>10 wt.%), Nb/Zr may be used as a proxy for source enrichment [Shorttle and Maclennan, 2011] .
[50] Nb/Zr ratios allow whole-rock samples in this study to be refined into three separate trends (Figure 11a) . N yjahraun, Fj arh olahraun and the Askja 20th century basalts have an average Nb/Zr of 0.11660.001 (1), and are compositionally indistinguishable from one another in terms of their whole-rock Nb/Zr. The two Askja tuff cones have a slightly lower average Nb/Zr of 0.10860.001. Samples from Holuhraun are noticeably offset from these two trends with a much lower Nb/Zr of 0.09360.001, indicative of a more depleted mantle source composition.
[51] Melt inclusions from Holuhraun and the Askja NE tuff cone are almost indistinguishable in Nb/Zr within analytical uncertainty (Figure 11b ). For both these eruptions and for N yjahraun, the average Nb/Zr of the melt inclusions is almost identical to the average Nb/Zr of the matrix glasses (Figures 11b and 11c) , indicating that the melt inclusions share a genetic relationship with their carrier melts. This is not the case for the SW tuff cone, where the melt inclusions have a much higher average Nb/Zr than the matrix glasses. This is consistent with the observations made in section 8 that many of the SW melt inclusions are likely to be xenocryst-hosted.
[52] Glasses from N yjahraun have higher Nb/Zr than glasses from the pre-1875 tephra samples (Figure 11c ). This difference in Nb/Zr is retained even for high Zr >170 ppm, and cannot be produced by fractional crystallization. This indicates that the N yjahraun carrier melt had a more enriched composition than the basaltic magma upwelling beneath Askja in early 1875; thus, the N yjahraun eruptions could not have been fed by the lateral injection of magma with the ''pre-1875'' composition from Askja into the fissure swarm.
[53] Glasses from the Askja 20th century eruptions show significant variability in Nb/Zr (0.095<Nb/Zr<0.131; Figure 11c ). These glasses appear to define a trend that cross-cuts the lines of constant Nb/Zr defined by glasses from Holuhraun, N yjahraun and the Askja tuff cones. This trend cannot be produced by fractional crystallization. It is possible to describe the Askja 20th century glasses in terms of mixing a more primitive basaltic melt with evolved contaminants. Potential contaminant compositions include the ''X2'' leuoratic xenoliths and icelanditic pumices that are found in rhyolitic tephra from the 28-29 March 1875 eruption [Macdonald et al., 1987] , both of which have high Nb/Zr. Mixing trends between these evolved compositions and the average composition of the pre-1875 tephra are shown in Figure  11c . While the two mixing trends bracket the Askja 20th century glass compositions, neither provides a precise fit to the data. An excellent fit to the Askja 20th century glass compositions can be achieved by up to 50% mixing with a hypothetical contaminant containing 48 ppm Nb, 300 ppm Zr, and 75 ppm Y ( Figure 11c) ; however, we note that no erupted products with this composition have yet been found at Askja.
[54] The N yjahraun glasses appear to fall on the mixing trend between the pre-1875 basaltic tephra and the X2 xenoliths (Figure 11c ). However, the N yjahraun melt inclusions and glasses are homogeneous in Nb/Zr. If N yjahraun and the Askja 20th [Macdonald et al., 1987] . A hypothetical contaminant (brown) containing 48 ppm Nb, 300 ppm Zr and 75 ppm Y provides a good fit to the data. The three mixing trends shown use the average pre-1875 tephra composition as the more primitive endmember. Crosses indicate intervals of 10% mixing. century basalts are assumed to have originated from a common magma source and thus to have mixed with the same evolved contaminants in a shallow magma chamber, then N yjhraun would be expected to show the same degree of Nb/Zr variability as the Askja 20th century basalts. The fact that this is not observed leads us to suggest that, while the magma supplying the Askja 20th century basalts mixed with an evolved contaminant and/or assimilated partial melts of basaltic crustal material, the N yjahraun carrier melt evolved without such interactions. This carries the implication that the carrier melts for N yjahraun and the Askja 20th century basalts did not share a common magmatic origin.
[55] A striking feature of the whole-rock Nb-Zr-Y systematics is that Holuhraun and Tröllahraun whole-rock samples are chemically similar to lavas from the Veiðivötn volcanic system. The Veiðivötn compositional data shown in Figure 11 include published analyses of lavas from the Veið-ivötn volcanic system [H emond et al., 1993; Zellmer et al., 2008] , plus samples from the Thj ors a lava, two lava flows from Thj ors ardalur valley, and samples from the Brandur and Fontur tuff cones, analyzed by XRF at the University of Edinburgh. Although there is some scatter in the Veiðivötn data, the samples considered have an average Nb/Zr of 0.09660.007, which is similar to the Holuhraun whole-rock. The Holuhraun lava is thus compositionally more similar to basalts from the Veiðivötn than to basalts from Askja, despite the fact that Holuhraun is geographically situated within the Askja volcanic system.
Discussion
Implications for the Lateral Flow Hypothesis
[56] Whilst the whole-rock major element compositions of N yjahraun and the Askja 20th century basalts are broadly similar, they differ in certain whole-rock trace element ratios (e.g., Zr/Ni, Figure 4d) , and can also be distinguished by compositional differences in the major and trace element geochemistry of their matrix glasses (Figures 5  and 6 ). These eruptions are also petrologically different: N yjahraun contains abundant olivine, plagioclase and clinopyroxene phenocrysts (Figure  3 ), while the Askja 20th century basalts are essentially aphyric. Taken together, the differences suggest that these magmas did not share a common parental magma, and have different magmatic histories. It is therefore difficult to explain the N yjahraun fissure eruptions in terms of northward lateral transport of magma from Askja. Thus, our results lend support to the magma reservoir hypothesis, whereby eruptions on the fissure swarm are fed by vertical magma flow.
[57] Both whole-rock and glass compositons from Fj arh olahraun bear a strong compositional similarity to those of the Askja 20th century basalts (Figures 4, 5, 6 , and 11a). It is therefore possible that the Fj arh olahraun magma shared a common source with the Askja 20th century basalts. If Fj arh olahraun was erupted during the 1874-1876 volcanotectonic episode, and was fed from a magma reservoir beneath Askja, this would imply that lateral magma injections extended up to 15 km north of Askja central volcano. It is also notable that the Thorvaldshraun fissure lava of 1924-1929, on Askja's southern flanks, is compositionally identical to the basalts erupted within Askja caldera during the early 20th century, which suggests that all the Askja 20th century basalts, including Thorvaldshraun, were sourced from a common magma batch resident in Askja's shallow crustal magma chamber. The Thorvaldshraun fissures are sufficiently close to Askja that inclined to subvertical injections of magma from Askja are most likely to have fed this eruption. Our data therefore indicate that lateral dyke injection may be a mechanism that supplies magma to fissure eruptions in the near vicinity of Askja central volcano.
[58] Holuhraun is compositionally very different to any of the samples from Askja or farther north on the Askja volcanic system. This is evident from major and trace element concentrations in both whole-rock and glass compositions, and demonstrates that Holuhraun cannot have been sourced by lateral flow southward from Askja. The compositional similarity of Holuhraun magmas with those from Tröllahraun suggests that Holuhraun may bear more resemblance to magmas erupted on the Veiðivötn volcanic system than to those of the Askja volcanic system. If Holuhraun and Tröllah-raun erupted during a single volcano-tectonic episode that caused rifting on the northern and western margins of Vatnajökull, then the eruption of Holuhraun is entirely unrelated to the 1874-1876 Askja volcano-tectonic episode.
[59] Although the Askja 1874-1876 volcano-tectonic episode is often compared with the 1975 Krafla Fires [e.g., Björnsson et al., 1977 Tryggvason, 1984] , it is difficult to compare these events directly, since fissure eruptions at Askja occurred 45-60 km from the central volcano, while the most northerly eruptive fissure during the Krafla Fires extended just 6 km from the Krafla caldera [Einarsson, 1991] . It is true that northward-propagating earthquake swarms during the Krafla Fires did extend up to 65 km north of Krafla caldera [Tryggvason, 1984] . However, we suggest that these earthquakes should not necessarily be interpreted as synonymous with lateral magma injection [e.g., Einarsson and Brandsd ottir, 1979 ], since it is also possible that the propagation of tensile failure in the rift zone opened a fracture [e.g., Gudmundsson, 1995] , but that magma flow within this fracture was primarily vertical. The absence of seismic records for the Askja 1874-1876 volcano-tectonic episode also hinders direct comparison with rifting events observed at mid-ocean ridges [e.g., Dziak et al., 2004] [Ferguson et al., 2010] , there was no contemporaneous eruption at Dabbahu itself [Field et al., 2012] . A geochemical investigation of these basalts and their relationship (or lack thereof) to rhyolitic ash erupted from the Da'Ure vent, $7 km ENE of Dabbahu summit, in September 2005 [Ayele et al., 2007] would provide an interesting comparison with the Askja 1874-1876 volcanotectonic episode.
Implications for the Delineation of Volcanic Systems
[60] Major element compositions and ratios in Icelandic basalts have proved to be a convenient and reliable way to identify and discriminate between samples from different volcanic systems, and to assign tephras to their source volcano [e.g., Jakobsson, 1979; Larsen and Eir ıksson, 2008; Jagan, 2010; Olad ottir et al., 2011] . Basalts from the Veiðivötn volcanic system can be distinguished from those of Askja by their lower K 2 O concentrations and lower TiO 2 /FeO [Jagan, 2010] . For a given TiO 2 /FeO, glasses from Holuhraun and Tröllahraun have lower K 2 O than basalts from the Askja tuff cones (Figure 6 ), and match the ''Veiðivötn'' group better than they match compositions from Askja. Holuhraun and Tröllahraun whole-rock samples also have similar Nb/Zr to whole-rock samples from around the Veiðivötn volcanic system (Figure 11 ), but lower Nb/Zr than samples from Askja central volcano. Additional similarities between Veiðivötn lava samples and Holuhraun are apparent on the macro-scale: Veiðivötn lavas and tuffs are often characterized by the type of glomerocrystic crystal clots that have been found in Holuhraun [Hanan et al., 2000; Halldorsson et al., 2008] , while postglacial lavas from the Askja volcanic system are normally very phenocryst-poor [Hartley, 2012] .
[61] Implicit in the practice of identifying the source volcanic system of an unknown basaltic sample on a geochemical basis is the idea that individual volcanic systems bear unique and statistically significant geochemical characteristics that will be present in all erupted products from that volcanic system. Icelandic volcanic systems are traditionally defined by their surface expressions--that is, by the locations of normal faults and grabens in the brittle crust that delineate zones of active extension. Cone rows and volcanic fissures generally fall within a specific volcanic system, since ascending melts will exploit existing faults, and will tend to flow in a direction perpendicular to the direction of spreading during rifting episodes [e.g., Gudmundsson, 1984 Gudmundsson, , 1995 Gudmundsson, , 2006 . Thus, fissure eruptions are said to ''belong'' to the volcanic system within whose surface expression they fall, although it is difficult to apply this method to subglacial eruptions when the surface expressions of volcanic systems are obscured [Gudmundsson and Högnad ottir, 2007] .
[62] According to existing tectonic maps of Iceland [J ohannesson and Saemundsson, 1998 ], the Holuhraun fissure is part of the Askja volcanic system. However, this is not consistent with our geochemical data, which suggest that Holuhraun is geochemically most similar to the Veiðivötn volcanic system. This apparent anomaly suggests that our understanding of the link between geochemistry and the surface expression of Icelandic volcanic systems may be overly simplistic. If volcanic systems are defined by their surface expressions, then geochemical characteristics may not necessarily be unique to individual volcanic systems. However, if volcanic systems are defined by unique and distinctive geochemical signatures, then the present identification and delineation of the boundaries between volcanic systems beneath the north-west sector of Vatnajökull is in need of further consideration.
[63] Although Icelandic volcanic systems may be delineated by the locations of normal faults and grabens in the brittle crust, the melt generation region is decoupled from the upper crust. That is, the location of melt generation in the mantle is not determined by brittle features in the upper crust. Once a melt has been transported from its source region to the brittle crust, it is constrained to erupt within a particular volcanic system. However, melt transport pathways through the ductile lower crust cannot be constrained by examining features in the brittle upper crust. Thus, a melt should not be considered to belong to a particular volcanic system until it has reached the brittle-ductile transition in the crust. This is of particular importance for closely spaced, collinear volcanic systems such as Askja and Veiðivötn. In an ideal model where volcanic systems are exactly perpendicular to the direction of spreading, and the spreading rates are equal on either side of the volcanic system, then the location of melt generation will determine which volcanic system a melt is channelled into by virtue of buoyant magma upwelling ( Figure  12a) . Melts generated at the exact midpoint of the surface expressions of two volcanic systems have an equal probability of eruption on either volcanic system, since no external stresses favour the channelling of melt toward either volcanic system. However, melt generated at the midpoint of two volcanic systems will almost certainly mix with other melt batches generated within the boundaries of a single volcanic system prior to its eruption. Therefore, under symmetric spreading rates, any defining geochemical characteristics of a volcanic system are preserved.
[64] The association of geochemical characteristics with a particular volcanic system may be destroyed if there is a change in the tectonic stresses, producing asymmetrical half-spreading rates or causing the rotation of volcanic systems such that they are no longer orientated perpendicular to the direction of spreading. Changes in tectonic stress may affect the way magmas are channelled from the melt source region into the brittle crust (Figure 12b ), while rotations of volcanic systems allow one volcanic system to tap melts that, under conditions of symmetric stress, would have been channelled into the adjacent volcanic system. There is abundant evidence for rotational shear stresses in the Askja region. The fissure swarm has a strike of $20 on the Eastern Volcanic Zone south of Askja, but strikes at $5 on the Northern Volcanic Zone in North Iceland. At Askja itself, two sets of fissures and lineaments striking between 5 and 20 are cross cut by a transform fault swarm striking 300 [Sigvaldason, 2002] . Numerous east-west trending volcanic lineaments, cone rows and fissures are also found in the region south of Askja [Hjartard ottir et al., 2009; . It is therefore possible that rotational stresses provide a mechanism whereby melts with compositions more commonly associated with the Veiðivötn volcanic system may be channelled and transported eastward into what is traditionally delineated as part of the Askja volcanic system.
[65] In light of our new geochemical data, we suggest that the Veiðivötn volcanic system may extend beneath the north-west corner of Vatnajö-kull toward Dyngjujökull and the region south of Askja (see supplementary information, Figure S3) . A similar idea was proposed by Larsen [1982] ; however, Larsen linked the Veiðivötn volcanic Figure 12 . Schematic diagram of magma supply to volcanic systems in North Iceland, modified after Gudmundsson [1987b] . The vertical axis is not to scale. (a) Volcanic systems aligned perpendicular to the direction of spreading. Melts generated in the lower crust are channelled into particular volcanic systems on the basis of their location, i.e., melts generated in source region B (S B ) will be channelled into, and erupt along, volcanic system B (V B ). Melts generated at the midpoint between V A and V B , which is the midpoint of the surface expressions of collinear volcanic systems A and B, may be channelled into either volcanic system with equal probability. (b) Rotation of volcanic systems with respect to the spreading direction, and/or slightly asymmetric plate spreading, may cause the shearing of melt supply to collinear volcanic systems. The surface expressions of volcanic systems A, B, and C remain fixed, but the source regions supplying melts to these systems are sheared to the west. This provides a mechanism whereby melt compositions normally associated with volcanic system A may be channelled into volcanic system B, as may be the case for Veiðivötn and Askja. system across the Dyngjuh als region immediately north of Vatnajökull, and extended it northward across the Trölladyngja region, west of Askja central volcano. By placing the boundary between the B arðarbunga-Veiðivötn and Askja volcanic systems to the west of Askja, Larsen [1982] assumed that Holuhraun and other lavas to the south of Askja were associated with Askja. However, the data presented in this study show that this is not the case: Holuhraun is geochemically more similar to Veiðivötn basalts. The geochemical boundary between Askja and Veiðivötn must therefore lie in the region immediately to the south of Askja, with fissures extending northward from Dyngjujökull having ''Veiðivötn''-like compositions, but fissures extending southward from Askja having ''Askja''-like compositions. This may result in some interfingering at the intersection where magmas from the two systems cut into one another, in a similar manner to that reported between the Veiðivötn and Torfajökull volcanic systems in southeast Iceland [McGarvie, 1984; Mïrk, 1984; Macdonald et al., 1990; McGarvie et al., 1990; Zellmer et al., 2008] . However, we have not found evidence of Holuhraun having mingled or mixed with Askja-derived magmas, while magma mingling is evident in the Veiðivötn and Torfajökull case. It is possible that the geochemical boundary between Veiðivötn and Askja could be further constrained using radiogenic isotope data, which have proved particularly useful in in distinguishing between the products of neighbouring volcanic systems [e.g., Sigmarsson et al., 2000].
Conclusions
[66] New geochemical data suggest that magmas erupted at Askja and N yjahraun during the 1874-1876 volcano-tectonic episode evolved independently of each other in separate magma storage regions and arrived at the surface via separate plumbing systems. Although the Askja and N yjahraun magmas are geochemically similar in whole-rock major and trace element compositions, the Askja 20th century basalts are thought to have evolved via mixing with evolved melts in the crust, while the N yjahraun magma evolved without such interactions. The Holuhraun fissure eruptions had an entirely separate magma plumbing system and were not connected with the 1874-1876 volcano-tectonic episode.
[67] Our preferred interpretation of the events of the 1874-1876 volcano-tectonic episode is summarized in Figure 13 . The 1874-1876 volcano-tectonic episode activated an $80 km long segment of the Askja volcanic system. Magma upwelled from an elongate reservoir at the base of the crust, with upwelling focused beneath Askja and the Sveinagj a graben, 45-65 km north of Askja. The upwelling of hot, primitive magma beneath Sveinagj a initiated the eruption of an evolved basaltic magma that had resided in a shallow crustal melt lens beneath Sveinagj a, but had not assimilated crustal material. Upwelling at the central volcano initiated convective overturn in a large, stratified shallow crustal magma chamber. Evolved basaltic magma from the stratified magma chamber was probably injected northward into the fissure swarm, resulting in a fissure eruption at Fj arh olar. Minor precursory activity at Askja in early January 1875 included the eruption of a basaltic tephra with composition similar to that of two phreatomagmatic tuff cone sequences in the Askja caldera. The precursory eruptions were followed by an explosive, Plinian eruption on 28-29 March 1875 that generated 0.321 km 3 of rhyolitic tephra [Carey et al., 2010] and initiated the collapse of € Oskjuvatn caldera. In the early 20th century, after 40 years of continued caldera collapse events , evolved basalt from Askja's shallow magma chamber was erupted along the € Oskjuvatn caldera ring fractures and injected southward into the fissure swarm, causing a fissure eruption on Askja's southern flanks. These magmas had mixed with minor amounts of an evolved contaminant. The Holuhraun fissure eruption was unconnected with the 1874-1876 Askja volcano-tectonic episode, and is compositionally unlike magmas from the Askja volcanic system. Its compositional similarity to the Tröllahraun lava, erupted between 1862 and 1864 on the Veiðivötn volcanic system, suggests that Holuhraun may also have erupted in the 1860s. The discovery of magma with Veiðivötn-like macroscopic and geochemical characteristics on what is traditionally thought to be part of the Askja volcanic system has important implications for the identification and delineation of fissure systems beneath the north-east sector of Vatnajökull.
